zontal resolution. Iron fluxes are clearly enhanced by a factor of 2 with the resolution, thus showing that the vertical motion induced by the sub-mesoscales represents a previously neglected process to drive iron into the photic waters of the Kerguelen Plateau.
Introduction 1
The Southern Ocean has a profound influence on the past, present (e.g.
It was recently proposed that sub-mesoscale dynamics (defined by a length 48 scale less than 10 km and Rossby number greater than 1) could be an impor-49 tant supply of iron to the KP region (Rosso et al., 2014) . The rich mesoscale 50 eddy field (with length scales of O(100 km)) gives rise to strong sub-mesocales 51 velocities in the Kerguelen Plateau region (Rosso et al., 2015) and which can 52 dramatically increase vertical velocities and transport of particles (Rosso et al., 53 2014). Lévy et al. (2001) showed that sub-mesoscales can increase the nutrient 54 vertical transport and consequently influence biological cycles in other parts of 55 the ocean. In this study we aim to contrast the effect of sub-mesoscales against 56 mesoscale (and larger scales) on iron transport.
Sub-mesoscale impact on Lagrangian paths
Numerical simulations of the ocean circulation around the Kerguelen Plateau 85 have been run using the MITgcm of Marshall et al. (1997) , forced and relaxed by 86 temporally constant fields (wind, fresh water fluxes, temperature and horizontal 87 velocities from the Southern Ocean State Estimate of Mazloff et al. (2010) ). The and temperature at the northern and southern boundaries and at the surface.
95
The model outputs include velocity, temperature, salinity and density fields. A 96 more detailed description of the implementation, discussion and assessment of 97 these experiments have been outlined in two previous works and the reader is 98 referred to them (Rosso et al., 2014 (Rosso et al., , 2015 .
99 Rosso et al. (2014 Rosso et al. ( , 2015 showed an energetic sub-mesoscale field downstream 100 of the plateau, likely due to the destabilisation of the Antarctic Circumpolar
Lagrangian trajectories

112
The Connectivity Modelling System (CMS) of Paris et al. (2013) is used off-113 line, to integrate Lagrangian particle trajectories using daily-snapshot velocity 114 fields from the numerical simulations. The procedure followed is to seed regions 115 of interest with a constant density of Lagrangian particles. The CMS software 116 is then used to integrate the trajectory of these particles backwards in time.
117
Given a sufficiently large number of particles, this technique informs us of both 118 the sources of water and the path followed. the phytoplankton activity, we considered the satellite-derived chlorophyll map 123 taken during the 2011 KEOPS2 experiment (Fig. 6 of Park et al. (2014) iron is significant for the investigation of the meso-and sub-mesoscale flows.
144
In order to explore how meso-and sub-mesoscales influence the transport of water particles, no turbulent scheme has been employed; Lagrangian particles 146 are purely advected by daily snapshots of zonal, meridional and vertical velocity 147 dataset. The robustness of the daily sampling has been tested in our previous 148 work (Rosso et al., 2014) identify the 500 m isobath as the limit for our ON area (green region in Fig. 1a ).
160
Beyond this, an OFF plateau region is defined, which includes a transition zone 161 between the ON area and the 1500 m contour (red shaded area in Fig. 1a ).
162
At 1/20
• resolution, we found that waters originating from the plateau (ON ) 163 account for the 59% and 22% in case of R 1 and R 2 , respectively. At 1/80 
Depth distribution of tracked particles
178
The particle distribution in the water column, computed as a probability 179 density function (PDF) of the source particle as a function of depth, over each 180 region, is shown in Fig. 3 . The PDFs are computed for the total particles re- Fig. 3 is due to the particles being released at the two initial depths.
184
The 1/20
• resolution profiles are shown in red, while the 1/80
• are in black.
185
For each region, the PDF profiles are normalised to terest depends on the location of analysis and on the range of depths considered.
192
For region R 1 , the PDF profiles are not significantly influenced by resolution. tration of iron for the i -th particle (DF e i ) by solving the following equation:
whereḊF e i represents the time derivative of DF e i . Parameters of (1) In the upper region (z i ≥ z 1 ) DF e i is constrained to decay with rate λ(z).
223
This decay rate λ (given in day −1 ) depends exponentially on depth and is used 224 to parameterise the loss of iron due to biological uptake in the euphotic layer,
225
by phytoplankton activity. The decay rate has an e folding length δ of 35 m, a 226 maximum value λ 0 at the surface and is constrained to decay to zero at z 1 :
The vertical profile in (2), shown by the blue line in Fig. 4a , has been chosen in 228 order to take into account the depth-dependent consumption of iron, associated 229 with light irradiance (note that λ = 0 for depths z i < z 1 ). Mongin et al. (2009) 230 estimated an optimal annual averaged decay rate at the surface of 0.015 day −1 .
231
We test the sensitivity of dissolved iron concentration to the decay rate, with Figure 4: (a) Vertical profiles of (blue) decay rate λ(z i ) from equation (2) and (green) structure function f (z i ) for the relaxation term (3). (b) Vertical profiles of DF e i as computed by solving (4), for the ON (green line) and OFF (black) the plateau areas, and in the transition zone (red) (for clarity, only the first 500 m are shown).
Replenishment rate 234
The second term in the RHS of equation (1) determines the relaxation of 235 DF e i to the particle background mean concentration DF e i , whose value de-236 pends on the location of the particle. The timescale of the replenishment is gov-237 erned by a structure function, f (z i ). The function f (z i ) (green line in Fig. 4a ) 238 depends on a timescale γ (units are day −1 ) and depth z i , as:
We allow a replenishment only at depths z i < z 1 : replenishment is thus distinct 240 from the loss of iron to primary productivity in the euphotic zone. We vary the Below z 1 , the i -th particle is relaxed to a mean ( · ) concentration that 245 depends on its relative position to the plateau and on its depth ( Fig. 4b) :
where A = The initial value of iron concentration depends on the depth of the particle:
266 if deeper than z 1 , it is initialised to DF e i from equation (4) with DF e i .
278
We focus on the total concentration of iron, as defined by equation (5) [
where [DF e i ] is the concentration of the i -th particle, computed at the seeding position occupied by the i -th Lagrangian particle. dV i is the volume of the par- 
294
The sensitivity is shown in Fig. 5 : the left panel shows the sensitivity to the 295 decay rate λ, with the dependence on the replenishment timescale τ on the right. timescale of relaxation τ is also weak, giving approximately ±3% (R 1 ) and ±4%
302
(R 2 ). The change in vertical fluxes (Fig. 5c) shows a larger sensitivity to the 303 change of λ, of approximately ±2% in R 1 and ±1.5% in R 2 , while the sensitivity 304 to the timescale is weaker, with a maximum change of less than ±1% (R 1 ) and 305 ±3% (R 2 ) (Fig. 5d ).
306
The results reported here are for the highest resolution case, however, we 307 found similar sensitivity for the 1/20
• experiment. We conclude that the sen- 
Results
313
Dissolved iron statistics are analysed with a focus on the sensitivity of total case. These numbers are consistent with our findings (Fig. 3 ) that in the high 330 resolution case there are more deep-reaching flows than at low resolution. 
Iron Concentration
332
The average concentration of iron has been computed in the two regions 
337
The magnitude of the dissolved iron concentration for the two sources is shown 338 in Table 1 .
339
The sensitivity of [DF e] to the resolution is evident from Fig. 6a Table 1 : Dissolved iron concentration, vertical iron fluxes and estimated production for the two regions of analysis, due to TOT, ON and OFF particles, and at the two resolutions. The export production estimates (EP) are computed from a DF e/C ratio of 0.021 mmol Fe mol −1 C (from Bowie et al., 2014) , and then converted into total production using an fe ratio of 0.49 (from Sarthou et al., 2008) .
presented. The sensitivity to the horizontal resolution of upwelling iron fluxes 361 is, as for the [DF e], more dramatic in R 2 than in R 1 . We note that the vertical 
Primary production estimates 378
To estimate the export production in the two regions we consider two calcu-379 lations: vertical supply of iron to the euphotic zone (i.e. at 75 m; equation 6) and 380 a biological uptake computed using the decay rate (equation 9). Then, we use a
381
DF e/C ratio to convert the estimate into an estimate for carbon export (EP).
382
DF e/C is the mixed layer cellular uptake ratio, as observed in the "plume" re-
383
gion by Bowie et al. (2014) and estimated as (0.021±0.002) mmol Fe mol −1 C.
384
The export based on the vertical supply of iron is given by:
At 75 m, and in the release location, we estimate an export primary produc- 
395
Estimates of the simulated EP relative to each source are reported in Table 1 .
396
In R 1 the EP is about a third above the observed value at each resolution.
397
In region R 2 we note an increase of more than a factor of 2 in the EP due to 398 the resolution. Here, we cannot compare to any estimates, although we would 399 expect EP in region R 2 to be similar or less than R 1 because R 2 is further away 400 from KP than R 1 .
401
The estimated export productivity can be converted into total primary 402 productivity by using the fe ratio, equal to the uptake of new iron/uptake 403 of new + regenerated iron, of 0.49 (Sarthou et al., 2008) . iron by biological consumption (S(z)):
φ F e (z) represents the vertical flux of iron and its value at z = z * can be obtained 422 by integrating (7) over the euphotic layer:
The consumption S(z) is given by the first term in the right hand side of equation (1):
where λ(z) is given by (2). We can therefore obtain a general formulation for 424 the biological export of iron:
In our model we use z * = −75 m and δ = 35 m. The biological export of 426 iron in (9) can be then converted into export production using the F e/C ratio 427 and total production using the fe ratio. and 1700 ± 400 nmol m −2 day −1 for January-February) are also comparable to 504 our estimates (Table 1 and Fig. 6 ). In their work, the supply is purely horizontal 505 and based on the horizontal distance from the plateau. Instead, our methodol- 
